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Introduction During plasma disruptions in JET, the thermal energy (≤10MJ) and magnetic 
energy (≤20MJ) are lost in the form of heat to the plasma-facing components (PFC) on time 
scales of less than 1ms and 20ms [1], respectively. The thermal energy Wth stored in the 
plasma is dissipated initially in the thermal quench (TQ), followed by the magnetic energy 
dissipation in the current quench (CQ). During the thermal quench phase of the unmitigated 
disruptions the main part of the 
thermal energy is lost by convection to 
the first wall and only a small part 
(≤0.2×Wth) by radiation [2].  The 
energy deposition is distributed non-
uniformly over the first wall surfaces 
and it may significantly contribute to 
the local power loads onto PFCs.  
Results and Discussion The 
conducted/convected heat loads during 
the TQ-phase can be reduced by 
enhancing the radiation with massive 
gas injection (MGI). For investigation 
of the radiation behaviour, a 
tomographic reconstruction model is 
used (anisotropic diffusion model) that has been coupled with a Monte-Carlo technique to 
calculate the radiation heat flux onto the wall and the corresponding “radiation peaking 
factor” (RPF) (the local radiation power load onto the wall is normalised to its value averaged 
over the entire surface). The method delivers the radiation power load with a temporal 
resolution of ~1ms in a 2D-poloidal plane and it has been mapped to the entire surface 
assuming toroidal symmetry.  

 
Fig.1. Time traces during a typical induced disruption 
caused by injection of a mixture of 10%Ar and 90%D2. Also 
shown are the radiation distributions during different time 
phases of the disruption. 
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A fast valve (Disruption Mitigation 
Valve-DMV) has recently been installed 
at JET to study the disruption mitigation 
by massive gas injections [3]. The valve is 
positioned on top of the machine and the 
gas is guided by a 4m long tube to the 
plasma. Different gas species have been 
investigated: Ne, Ar, He, mixtures of Ne 
and Ar with 90% of D2 and pure D2.  Fig.1 shows the selection of key plasma parameters of a 
typical induced JET disruption caused by an injection of a mixture of 10%Ar with 90%D2  
into NBI heated plasma: PNBI=9MW, BT=3T, Ip=2.0MA, thermal energy of Wth=3.2MJ and 
the magnetic energy of Wmag=10.5MJ.  About 5×1021 Argon atoms have been injected into the 
main chamber. After the activation of the DMV, the gas flows through the tube and arrives at 
the plasma edge with a delay of 2 ms. At that time the cooling of the plasma edge starts 
triggering the reduction of the plasma thermal energy. In the precursor phase, up to 95% 
(∆Wth≈1.05MJ, Erad≈1.0MJ) of the thermal energy is lost predominantly by radiation before 
the TQ. About 97% (∆Wth≈2.15MJErad≈2.1MJ) of the remaining energy is radiated during the 
TQ. Here we used the definition for the end of the thermal quench the time where SXR 
emission is reduced to noise 
level [4]. This is consistent 
with earlier JET result of 90-
100% of radiation fraction 
during massive gas injections 
of gas mixtures with 
deuterium (10%Ar or 10%Ne 
with 90%D2) reported in [4]. 
The analysis by divertor 
thermography shows that only 
about 5% of Wth is found in the (outer) divertor [5] confirming the high radiation fraction. 
Additionally Fig.1 shows the tomographic reconstruction of the radiation at three different 
times: at the end of the precursor and TQ phases, and during the CQ-phase.  The radiated 
power shows a very homogenous poloidal distribution with a peaking factor below 1.5 as 
shown in Fig.2 during the thermal and current quench. In contrast, a peaking factor of 3.5 is 
found during the TQ in an unmitigated VDE, which could increase the Be temperature in 
ITER to values around 40% of the melting point [2]. These “peaking factors” have been used 
to extrapolate to ITER reference conditions. The ‘ablation/melting parameter’ [1], which 
determines the surface temperature rise caused by disruption during TQ phase, can reach in 
ITER a value of 13MJm2s-1/2. It was assumed here that 50% of the initial thermal energy 

 
Fig.2 .  Radiation peaking factors during the different 
phases of the MGI experiment discussed in Fig1. 

 
Fig.3 Time resolved RPF factors during the precursor phase.  
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(Wth=350MJ) is deteriorated just during the precursor phase without significant increase of 
the wall surface temperature and the remaining plasma energy of 1/2×Wth=175MJ is 
completely lost by the radiation with RPF=1.5 during ttq≈1ms of TQ phase. This is below the 
Be melting limit of about 20MJm-2s-1/2.  In MGI disruptions, strong localised radiation and 
larger poloidal peaking of up to 2.5 is observed at the beginning of the cooling phase when 
the first gas arrives at the plasma. The risk to melt Be by local radiation heat load is of 
concern for ITER. Fig.3 shows the time resolved RPF factors for the precursor phase. More 
than half of the time of the cooling phase the radiation is strongly localised at the injection 
port with large poloidal factors 
RPF=2.5.  At the beginning of 
the cooling phase the radiation 
can also have strong toroidal 
asymmetry. In [4] the toroidal 
RPF has been estimated from the 
visible emission recorded by fast 
camera during the gas injection. 
This emission does not contain 
the emission from the ions with 
higher degree of ionization and 
correspondingly do not reflect 
the behaviour of the total 
radiation. But it will give the 
upper limit of the toroidal 
peaking factor (TPF).  Thus, 
assuming this worse case with 
toroidal RPF=5-8 [4] and 
pololoidal RPF=2.5 for the first 
4ms of the cooling phase in 
ITER, we will find a ‘melting 
parameter’ of 50-80MJm-2s-1/2. This is factor 4 more than the threshold for Be melting. The 
melting can be avoided by the application of at least 4 injection ports in ITER.  
A combined VDE+MGI experiment was performed to demonstrate the efficiency of the MGI 
technique after the loss of control of the vertical plasma position. In this experiment, the 
upward VDE was triggered by the vertical stabilisation system of JET. The Fig.4 shows the 
comparison between pure VDE and VDE-MGI experiments with similar plasma parameters 
before MGI activation: Ip=1.5MA, BT=1.85T, q95=3.7. The direct comparison of the surface 
temperature on the upper dump plate shows the factor of 2 larger temperature rise in the case 
of pure VDE experiment. After about 14ms of the VDE triggering (MGI was activated after 

 
Fig.4 Comparison between a pure VDE disruption and a 
combined VDE+MGI experiment 
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10ms of VDE triggering), the cooling phase with MGI started. The observed RPF in 
VDE+MGI experiment was 2.14, compared to 3.5 for pure VDE experiment (without MGI), 
and 1.5 for pure MGI disruption (without VDE). In contrast to JET the VDEs in ITER will 
take place on the longer timescale of ~1s and we expect that the radiation behaves like in the 
pure MGI experiment.  Considering the RPF=2.14, the ‘ablation/melting parameter’ in ITER 
would be ~17MJm-2s-1/2 corresponding to the increase of the Be surface temperature to values 
below the melting point. Thus the combined experiment shows that the RPF=2.14 is much 
smaller than the peaking factor during the precursor and TQ in a pure VDE disruption, 
demonstrating the feasibility of the MGI technique even after a loss of control of the vertical 
plasma position. During the CQ, like in pure MGI experiment as well in unmitigated 
disruption (see Fig.4c), the significant part of the Wmag (about 45%) was converted in radiation 
and spread nearly uniformly over the walls. Assuming Wmag=395MJ inside the vessel, time of 
current quenches of tCQ=37ms, poloidal RPF=2.14, the ‘ablation/melting parameter’ in ITER 
would be ~6MJm-2s-1/2 that is a factor of 3 beyond the melting of the Be. Thus, radiation load 
during the CQ is not a critical issue even for the unmitigated disruptions.  
Summary and conclusions  
• Unmitigated disruptions exhibit small radiation fractions during precursor and TQ with 

strong poloidal asymmetry distribution.  
• More than 90% of Wth and a significant part of Wmag was converted in radiation and 

spread uniformly over the walls. By divertor thermography, only about 5% of Wth is found 
in the (outer) divertor 

• Nearly symmetric poloidal distributions of the radiation during precursor, thermal and 
current quenches have been observed (RPFs≤1.5). 

• The radiation is strongly localised at the beginning of the gas injection. The Be melting 
limit of about 20MJ m-2s-0.5 suggests the use of at least 4 injection ports in ITER. 

• The plasma radiation analysis during the combined VDE+MGI experiments shows a slight 
reduction of the radiation poloidal symmetry (maximum of RPF of 2.14 to be compared to 
1.5) in comparison with pure MGI experiment. 

• About 70-80% of Wth are radiated during the precursor and TQ phases 
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